Introduction
Supramolecular gels are a kind of so material that are formed by the self-assembly of low-molecular-weight gelators (LMWGs) through weak intermolecular interactions, such as hydrogen bonding, van der waals interactions, p-p stacking, electrostatic interactions, and so on. [1] [2] [3] Due to the weak nature of noncovalent bonding, the reversible sol-gel transition can be realized when external stimuli are applied, such as ultrasound, light, pH, mechanical stress, and ions. [4] [5] [6] [7] [8] [9] [10] Thus, these stimuliresponsive gels show potential applications in biocatalysis, chemosensors, displays, drug delivery, etc.
11-14 Beneting from the simple structure of low-molecular-weight gelators, functional groups can be introduced to form functionalized stimuliresponsive supramolecular gels. [15] [16] [17] [18] [19] Signicant progress in the formation of such smart so materials has been made during the past few years. [20] [21] [22] [23] [24] [25] [26] However, it is still a great challenge to design a high performance stimuli-responsive gel system with multiple functions.
Furthermore, the recognition of ions including cations and anions has been an attracting topic during the past few years. [27] [28] [29] [30] [31] [32] [33] [34] [35] 'Naked eye' recognition is the most convenient way to identify an ion, such as the change of color and state. Due to the visual transition of gel-sol process, gel systems provide an efficient platform for ion recognition.
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In order to construct a multi-function responsive gel system, we designed two novel series of compounds (F n and A n , Scheme 1) by connecting the ferrocene group to a polyol amide moiety via six (n ¼ 6) or 0 (n ¼ 0) methylene units. The multiple hydroxyl and the secondary amide groups were capable of forming hydrogen bonding intermolecularly [37] [38] [39] and the ferrocene group was introduced as a redox center. Interestingly, it was found that only F-6 could form gel in common solvents like chloroform, benzene, etc., which indicated that the presence of the aromatic acetal and the length of alkyl linkage between the polyol amide moiety and ferrocene unit had a profound effect on the gelation abilities of these compounds. More interestingly, F-6/chloroform gel exhibited smart thixotropic property and displayed stimuli responsiveness to temperature, mechanical stress, redox, anions and cations. The process of gel-sol phase transition was observed when ). Thus, the recognition of F À and Al 3+ was achieved through the F-6/chloroform gel system, which was uncommon among organogels.
Experimental

Materials and methods
Materials. All chemicals were purchased and used without further purication.
Nuclear magnetic resonance (NMR) spectrum. 1 H and 13 C NMR data were collected on a Bruker AVANCE III 400 MHz spectrometer ( 1 H: 400 MHz; 13 C: 100 MHz). Mass spectra. Mass spectra were recorded using a TOF-QII high resolution mass spectrometer and an Autoex tof/tofIII MALDI/TOF mass spectrometer.
UV-vis spectroscopy. The UV-Vis spectroscopic studies were measured at room temperature using a UV-1800 spectrometer.
Scanning electron microscopy (SEM). SEM measurements were carried out using a Hitachi S-4800 SEM. Samples were prepared and dried under the ambient conditions for two weeks.
Gelation. The weighed amount of F-6 gelator was added into the measured volume of solvent in the tube and heated until the solid was dissolved, aer which the solution was allowed to cool to room temperature. A "stable to inversion test tube method" was adopted.
Rheological study. The rheological measurements were carried out using a MCR301 rheometer equipped with stainless coaxial cylinder rheometer (cup diameter, 16 mm; bob diameter, 15 mm). Experiments were performed with gels at the concentration of 2% (w/v) under the room temperature of 20 C.
Calculation of the detection limit. The detection limit (DL) of F-6 for Al 3+ was determined using the equation:
where K ¼ 2 or 3 (we take 3 in this case), Sb is the standard deviation of the blank solution and S is the slope of the calibration curve. 35 
Synthesis of compounds
The compounds were synthesized through conventional reactions. F-6 was characterized by 1 H NMR, 13 C NMR, and ESI-MS.
The details of the synthesis and characteristics are described in the ESI. †
Results and discussion
Gelation behavior of F n and A n
The gelation abilities of F n and A n were tested in 14 different solvents with the concentration of 2 wt% (w/v). The results were summarized in Table S1 (ESI †). It was found that only F-6 could gel some solvents via a heating-cooling process which indicated that both the aromatic acetal and a certain length of alkyl linkage between the polyol amide moiety and ferrocene unit were required for the gel formations for this ferrocene-polyol amide type compound. It was also found that F-6 could gel 1-octanol but dissolved in alcohols with a short alkyl chain such as methanol. Chloroform and aromatic solvents such as dichlorobenzene and toluene could also be gelled. Interestingly, the critical gelation concentration (CGC) value of F-6 for gelling dichlorobenzene was only 0.09 wt%, which fell into the category of "super-gelator". The F-6/chloroform gel turned into solution upon heating up to 50 C, and resting the solution for 5 minutes at room temperature resulted in the formation of gel again. In addition, F-6 could form stable gel in chloroform when the pH value of the system was in the range of 4-9. When the pH value of the system was smaller than 4 or greater than 9, orange solution was obtained.
The morphologies of F-6/chloroform xerogel were characterized using SEM. Cross-linked nanobrillar network morphology was observed so that a lot of solvent could be entrapped (Fig. 1 ). The width of nanobrillar network in xerogel formed from F-6 was about 0.25-0.45 mm.
Rheological study
It was found that the gel-sol phase transition could be observed by stirring F-6/chloroform gel and the gel was reproduced by resting the solution for 10 minutes at room temperature. Thus, rheological measurements were performed to further study this reversible sol-gel phase transition process. Oscillatory rheological results of F-6/chloroform gel (2 wt%, w/v) was shown in Fig. S6 (a) (ESI †). In a dynamic strain sweep measurement in which the frequency was 1 Hz, the values of the storage modulus (G 0 ) and the loss modulus (G 00 ) exhibited a weak correlation from 0.01% to 0.5% with strain (G 0 > G 00 ), indicating the F-6/ chloroform sample was gel. A sharp deviation from linearity of both modulus were observed with increasing strain gradually. When about 7% of strain was applied to the gel, the value of G 0 was beginning to be smaller than that of G 00 , indicating the mechanical breakup of the gel. Next, the thixotropic properties of the gel was studied. The sample was sheared at a constant strain of 100% and the frequency kept at 1 Hz during the measurement. The evolution of both G 0 and G 00 as a function of time was then obtained as shown in Fig. S6(b) . † It was found that the gel was partially recovered aer removing the stimulus.
Chemical oxidation
It is known that the ferrocenyl group is easy to be oxidized both chemically and electronically. It was found that in the presence of one mole equivalent of [Ce(NH 4 ) 2 (NO 3 ) 6 ] (CAN) dissolved in H 2 O (0.1 mL), the F-6/chloroform gel gradually turned into a dark green solution (Fig. 2a) 6 ] and no change was observed during the process. Further evidence was obtained by the comparison of the UV-Vis absorptions of F-6/ chloroform gel and the resultant oxidized sample. It was found that the absorption at 454 nm corresponding to the ferrocenyl moiety disappeared and a new absorption at 625 nm was observed, which indicated the oxidation of ferrocenyl group (Fig. 2b ).
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Furthermore, when the ferrocene group in F-6 was replaced by a salicylaldehyde moiety, the gelator S-6 was obtained (Scheme S6, ESI †). S-6/chloroform gel was also tested under the same conditions. However there was no change with the group of salicylaldehyde, which indicated the importance of ferrocene on the response to chemical oxidation (see the details in ESI †).
Anion recognition
Considering the multiple hydroxyl groups and the amide unit present in F-6 were capable of forming intermolecular hydrogen bonding, the interaction of F-6 with anions was investigated. One mole equivalent of anions as tetra-butyl ammonium salts (F ). Further, it was shown that the addition of a small amount of methanol had no inuence on the gel, which ruled out the interference of solvent. More interestingly, only the addition of F À converted the color of the system from orange to red which was unique for F À among all the four halogen anions examined. The red solution with F À could be converted back to orange by the addition of aqueous ammonia (Fig. 3) . UV/Vis spectroscopy in methanol was taken to investigate the interaction between F-6 and anions. The changes in the UV/Vis absorption spectra of F-6 with the addition of anions were shown in Fig. 4 . The UV/Vis spectrum of F-6 (10 À4 M) in methanol solution showed two absorption peaks at about 270 nm and 325 nm, corresponding to p / p* transition of ferrocene unit and the group of C]N under the condition. However, there was only one wide absorption peak at about 325 nm with the addition of F À , which might be caused by the red shi of the absorption at 270 nm and the combination with that at 325 nm. Only the absorption of the liquid with F À added was different from the blank sample, while it was almost unchanged with other anions. With the addition of ammonia to the system containing F À , the absorption spectra changed back to that of the blank sample. The results of UV/Vis spectra showed that F À might form the hydrogen bonding with Schiff base proton which resulted in the color change. (Fig. 5a ).
To further investigate the interaction between F À and F-6, 1 H NMR of the F-6/chloroform gel with different amount of F À added was conducted (Fig. 5b) . Interestingly, it was found that when one mole equivalent of F À were added to F-6/chloroform gel, the resonance of Schiff base proton was shied downeld S-6/chloroform gel was tested under the same conditions. UV/Vis spectroscopy and 1 H NMR of S-6 with different anions was also conducted. The details were described in the ESI (Fig. S8-S9 †) .
Detection of Al
3+
The response of F-6/chloroform gel to metal ions was also investigated. One mole equivalent of metallic ion (Na + was added, while the color was unchanged with the other metal ions (Fig. 7) . The UV/Vis spectrum of F-6 (10 À5 M) in methanol/ H 2 O (8 : 2) solution showed an absorption at about 300 nm, which is characteristic for the presence ferrocene unit under the condition (Fig. S10, ESI † at 320 nm progressively increased, so that the sensitivity of F-6 towards Al 3+ was clear (Fig. S11, ESI †) . The conclusive stoichiometric ratio between F-6 and Al 3+ was determined to be 2 : 1 by using the method of Job's plot (Fig. S12 , ESI †). To further conrm the stoichiometry between F-6 and Al 3+ , MALDI/TOF- (Fig. S15, ESI †) .
The binding constant of complexation was calculated from the increasing absorption intensity at 320 nm by plotting a could be concluded that Al 3+ interacted with F-6 molecules through the nitrogen atom of the Schiff base, and the oxygen atoms in the amide and hydroxyl groups. Interestingly, the resonances were shied up-eld back with the addition of EDTA-2Na corresponding to the recovery of the gel. Based on above experimental results, thus the proposed complex structure of F-6 with Al 3+ is shown in Scheme 2.
S-6/chloroform gel was also tested under the same conditions. The details were described in the ESI (Fig. S17-S21 †) .
Conclusions
In summary, we fabricated a novel organogelator F-6 with multiple hydroxyl groups providing hydrogen bonding sites and a ferrocene group as redox center. F-6/chloroform gel exhibited smart thixotropic property and displayed stimuli responsiveness to temperature, mechanical stress, redox, anions and cations. Further, the process of gel-sol phase transition was observed when halogen anions ( ). Thus, the recognition of F À and Al 3+ was achieved through the F-6/ chloroform gel system, which was uncommon among organogels. 
